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These monographs are to be regarded as guides to design and not as NASA require- 
ments, except as may be specified in formal project specifications. It is expected, 
however, that these documents, revised as experience may indicate to be desirable, 
eventually will provide uniform design practices for NASA space vehicles. 
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Sterilization 2,5,2 54 J.5,2 

Space Environment 2,5.3 55 J.5.J 



SUBJECT STATE OF THE ART DESIGN CRITERIA 




Vll 



Mesa and plateau ballistics in double-base propellants 



Effect of axial spin on thrust level of a composite propellant motor 





SOLID PROPELLANT SELECTION 


are cited for a more detailed treatment of the topic under discussion. A list of source 
references is provided for those seeking more detailed treatment of a particular subject. 
These references, coupled with established texts in the field, should give the depth of 
knowledge necessary to the designer to aid in the selection of the most nearly optimum 
propellant for the design application. 
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The composite propellant contains a crystalline oxidizer to provide oxygen for corn- 
bustion and often contains a metal to increase the heat of combustion. These materials 
are slurried in a liquid polymer or polymer-plasticizer, cast, and cured chemically or 




























0 > S 

o .S .2 


| 3 ^ 

2 -o ^ 

G a> ^ 
w C 
O) 3 


45 

G 

G 

CD 

W 

G 

G 

w 

•M 

O 

G 

1 

<M 

CD 

CD 

> 

O 

43 

o 

o 

1 

W 

G 

45 

cd" 

M 

G 

-M 

45 

W) 

G 

o 

■M 

O 

CD 

42 

45 

O 

u 

G 

G 

O 

*G 

G 

w 

CD 

a 

DJD 

a 

o 

o 

G 

U 

CD 

G 

45 

-M 

73 

3 

2 


w 

M 



g 


2 

G 

G 

G 

G 


CD 




2 

O 

42 


CO 

-M 

PU 

'g 

> 

G 

3 

G 

*G 

w 

G 

a 

O 

o 

u 

CD 

G 

s—^ 

>» 

PQ 

u 

O 

CD 

a 

< 


0> G g S 

§ « 3 «:3 

a| ^ S ■& 

^ JH ^ <1> 

c ^ O g PQ 

s s & 


o ^ 
S S t 


O '^ ^ TO 

^ p <i> 

I 8 « 

“ 1 1 .-2 : 
^ a c 

a> .2 

■2 5 S2 

« H 3 

W 

a * s 

^ o 

2 § o 

G « ^ 

3 ^ 2 : 

2 a 

X W) 

^ a> *:3 
I 3 ? CO 

s 2 - 

« 4 -l , 2 f 

O *H o 


o 0) *55 
tt G < 

-i-’s 

oj os »G o) 

I . . 2 ? w 

2 4 - 5 

« g O 5 

- P <u >, 


b 3 S 


y +^ CO 

*5 <D 
p O ^ 
u ^ u 
G S N 


l< s 

“ “S -2 

3 O C 

S 3 § 
o XI -is 
O N 


§ 5 ^ 

,S 2 - 
fe " M 

® y ° 

& C 8 
O 2 § 
in o CO 


•S 

G ^ . 

oj) g cf.; 

^ o) 

woe 

< 1 > Cl 

> ^ w 
G OT f3 
45 O 

C N 3 

O 3 

2 o S 


i-si 

° 2 i 

G *§ 
G o O 
42 ’43 t3 


^ X 

cd Q 

o ^ 

45 (p 

45 w 
O G O 

CD O S> 

Isr® 

.2 

G ^ CD 
O w w 

G 3 
G <p 

a td G 

G 2 < 1 > 

45 O 
u O 
S »H w 

X S W 

® .2 3 

« s s 
•S 3 I 

=3 o '2 
b’§ S 

0 3-3 

x» ^2 

0> CLi X 
CO Is 3 

3 hJ 5 

S 2 ”3 

O G 0 > 

G i 5 

S 2 2 

o o > 

0 e *G 

s s< 

1 I-. 

5 w 

2 2 S 

-G ^ O 

H 45 


u (p w 

< 1 ^ G i 5 
'M ,S 5 O 

w »rt ^-» 

a *G <« 

>> G >Pj 
* 0^2 
G g) o 

o 'g 2 

e G G 
.a G bfl 

-3 

1 1 <2 

'S ^ ^ 

a c o 

•2 ®- 

O S 
0 ) ^ ^ 


S c G 

a ^ cd 

O 45 

W (p CD 

S G 

Q 2 a 


0 . .2 c 

< g « 

X S ^ 
2 S & 
& < 2 


o O) W 
45 45 'O 
^ 4 -> G ’ 
G 

O S ^ 
o o 0> 

''S . 

S G 

2 g 
S 2 5 . 

C 5 W 

O § >> 
*C no w , 

fli **■« 

G . < 1 ^ 

all 

^ I- 

c 2 
. <4-1 

O ° 

S s a 


-M 

o 

CD 

o 

'o 

X 

o 

3 

G 

u 

W 

M 

43 

<D 

M 

>i 

CD 

45 

45 

H 

2 

>> 



w d ^ 
G G ,2 
O ^ ^t5 
(p o 
O c o 
b o G 
G ^ w 

y 

45 G 

*-< jQ 

2 

§’3 3 

® 3 2 

S l-S 

" 2 g 

W -M G 
■g CO « 

2 3 S 

45 w 

^ a 

o >* 

o »— I t-i 

^ o G 

Gh G O 


I a ffi 

X 3 OT 

(P w 

45 G G 

-Mp3 

^ O O 
G M M 
O Oi) 


»rt o w »■ 

.3 4 X M 

I i • 

©•So 

•S a. 

*-« o c 

0 Jh § . 

'2 ^ S 

a ^ G 

X < 2 

•—I w , 

G 03 5 
^ .2 ^ 

2 o3 fS ■ 
- § 

.2 a^ 

U 

bJD "g 2 
G .a o 

sis. 

X -a “ 

1 i ® 

a S -o 
« © .2 
o « 

•S: 2,3 

2 O .2 ' 

S 3 

X y 

0 CD ^ 

o> *51 a 

-M ^ 

1 2 G 

O _ o 
G G 
G 45 

3 ^ ^ 
1^2 
^ «M 42 

G CD 

.2 g § 

3 3-2 

si® 

o s ;2 

S a is 

C X .2 


♦“I ir '•^ 

° X S 2 
45 G G 
-M Jh O’ 


The propellant types most frequently encountered by the designer are described briefly 
hereafter. A more complete discussion of the chemistry of these binders may be found 
in reference 3 . 



Polybutadiene Composite Propellants 


C/3 

o 

a 


CD 


CJ 


c 

c« 

d 


o 

CD 


o 

c 

< 

^ 1 

H 

'O) 


< 

o 

a 

;g 


cc3 

c/3 

o 

CCS 

Oh 

'O 

CD 

a 



'o 

‘w 




cd 




CD 


CD 

c 

(h 

c 

.y 

U 

0) 

o 

0^ 


O 

rrt 

CD 





§a 

g 

W <D O) 
03 ^ > 
0> d <D 
U O U 


V. ^ ^ H 

<l> o ^ 
' ^ S Sh 


=* 2 
^ cC 


CMDB and PNC-DB propellants frequently are crosslinked to improve the mechanical 
properties. The unnitrated hydroxyl groups in the NC are crosslinked by isocyanates 
in the same cure reaction used in a conventional polyurethane propellant. Both CMDB 
and PNC-DB propellants are referred to as composite-modified double-base propellants. 



Polysulfide Composite Propellants 
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Fluorocarbon Composite Propellants 
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The great majority of composite propellants contain AP with a metal fuel. There are 
wide variations in internal ballistics, but most such propellants have burning-rate 
exponents less than 0.6. Very low burning-rate exponents often are encountered in 
narrow pressure ranges in underoxidized, nonmetallized composite propellants. 
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Table III. — ^Typical Uniaxial Mechanical Properties of Some 
Operational Propellants (adapted from ref. 8) 
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propellants have tensile strengths in the 50 psi region at this temperature, and uncross- 
linked plastisol propellant grains frequently show unacceptable flow and slump. 
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greater than those of double-base and CMDB propellants. 

The basic hazard properties of some typical operational propellants are given in table 
IV (ref. 8) as a guide to general hazard ranking. 



Beryllium propellant exhausts are considered highly toxic, but the degree of toxicity 
has not been definitely established (refs. 10 and 11). 
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especially in those instances where the ingredient is toxic or can homopolymerize 
spontaneously (MAPO, for instance, homopolymerizes spontaneously on contact with 
dry AP, releasing sufficient heat for the mixture to detonate or deflagrate). In 
many plants, TDI is distilled from molecular sieves before use. 
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of special requirements increase material cost. 



<i> u 

OJO ^ 

u <1> 
05 ^ 
^ CQ 


c 

i2 

'S 

a 

o 


•n XJ 


.S ^ 

05 <U 

Jm 

bfl 

o5 

X3 

S 

§ " 


°ii 

-M 2 

CO c5 


<D 


05 


05 

a 

CO 


CD 

CD 


a S 

<D U-f 

s: o 

o 

O O 
<D 


CD 
CO 
05 
O 

C 

X5 

0> *5 

>H 

o 'J:? 


S 

^ c O 

w 05 O 
^ ^ rH 


S o ^ 


CO c2 

a .2 

2 S 

a o 

O -M 

5:^ ^ 
D< .2 

ca S 

n a> 

^ r. 

^ OJO 

w s 


W) CO 

.S J:? 

CO 2 
CD 2 

U a> 
^ C 

K. <D. 


t>D 

CO 

cc5 


^ in 


CD 

c 
a 
o 

X! w 


05 


CD 

XJ 


a 

o 

S 

S 

o 

CO ^ 

0 (D 

c -S O 

1 s 

^ § 2 

.S *-• 5 

>> S o 

'S s 

Jrt -O >? 

o 

CD 

S-I 


<4-1 CC 
Sh 

o ^ 

4-» 

CD 

CD X^ 
CO 

o S 

O 43 

■ o 


X3 
OD 
;3 

§ w 

CD . Oi 

bi 

CD c 
bD CD 

c3 S ;S 

o .2 

o 

« Q. 

« g- 


CO 


C 

{-C 


o 

c ^ 

^ — 
•s -s 

CO ^ 
CO 

CD S 

o .5 

o 

a 05 

«4-l ^ 

O 

0 ^ 
a 

>i M 
4-J J-i 

O 

■S ° 

H a 


s 
o 

o _ 
:3 X 


T5 

o 
a .2 


o 

I ^ 

S| 

a 


T3 X3 

CO -M 
05 

o u 
T5 

c JS 

05 

bJO .S 

C 

:b ^ 

a > 

05 

.S 

4-> 

»rt C 

05 Z3 
N a 

05 CD 
JS CO 

G 

CD O 

x: o 


s a 

O *N 

•S !s 

G CD 

o a 

*c^ ^ 
G CO 
v-t (D 

+-> .G 
X G 
CD oS 


05 


'O ^ 

CO 

2 

,S S 

4-> 

CO <n 

05 ^ 
O * 


3 


CO 


05 
Xi 
O 

CD 

E ^ 
e .2 


2 2 w 

Xh G 0) 

4-» O' 2 

•« '§ S 

C ’® 

G CD CD 
^ ^ U 

-M 

■O CJ) 
g .S2 ,S 
=> 5 

S - s 

^ .2 c> 

S cl 

2 

o *2 

.X G CD 

CO *-• -M 

S X s 

+-» <D G 


G -2^ 
cC CD 


a 

S 
•G o 
^ o 

CD G 

> 

CD 

2 I 

s 

8 «S 
^ a 

G o 
2 X 
S 0) 

2i w 

bJO 

G ^ 

;§ ^ 
'O 

a - 

+j 

t5 .2 
G X 
G CD 


rH CD cj) CO 

§ Is c .2i 


O) 


CO 

— >i CO 

O CD <1^ O 

g x: ^ G 

G -»-> Pw '4 -h 


G S 

.2 

fi S 

G 3 
G 

O ^ 

-M 

O ^ 


O CD 
T3 W 
w G 
X5 G 

G CD 
X3 X) 


G <1> 

-:g 

i w 

^ G 
W O 
‘•G 
. G 

CO 

G ct-i 

.2 3 
-G ^ 
G a 

O CO 


O CD 
CD CD 

a G 

CO ^ 


G X? ^ 
C 4-> CD 

^ 2 S 

0) O 
-M O 

G o 

f r 3 b5) 

.2 > G 
aJ ^ 

bJD G 


CD 

G 

CD 


G 


CD 


«+M O 


bD 
G 

*-• 

G 2 

^ .2 'c 

*5 *G S 

> 2 

> G G 

G P CD 

X. ^ 


o 

S 

CD 
X2 

G 

8 w 

x; 

^ 2 
2 'I 
gs 

3 :b 

a c 
o ^ 

a ^ 
^ G 


£ G 
xi c 

■• CO « 

s ^ 

0 CD 

G X 

1 s 

G 

> XI 
CD 

>> o 


X 

<D 


CO 

4-> 

G 

G ^ 

0^ CD *57 

a a S 

p o 

^ 5-1 t4-i 

Oh a o 


CD O 

G3 CD 
CO 
CD 

5-1 CD 

^ -o 

S3 « 

C c 

CO +-> 

•S M 

CD .S 

CO »0 

•Si 

>M Xb 


So 
g « 

2 o 
xn 

bD 

^“3 

I- 


X3 

0 

1 

cC 

< 

>> 

5-1 

X5 


XI 

CD 

4-> 

G 

2 

3 

a 

o 

CJ 

G 

G 


CO 


>> 
G 

^ s 

CD 

> X 

s 

G G 

.52 •§ 

G 
N 
G G 
x: 

'o CO 

ft 2 

o S 

5-1 .G 
^ CD 

CD S 
.ti o 

CO w 
O 

ft 2 
S G 
o 

O CO 
4-> 

«4-i G 
o .c; 

X 

bJD CD 

•G cm 

CO c 

w .G 

CD 

O ■“ 
P 4-i 

^ G 

a ^ 


XJ 

.•G CO 

>* ^ 

1 ° 
> CD 

*53 ^ 
a CO 
a 

0 ) tsi 

CO *co 

4-> 

CD O) 
8 ^ 


5h 

G 

a 


X CD 
JO {> 

*p< G 


G 


CO 

CO 

3 

3 

G 

O) 

X 


S 2 


X T3 
G CD 

g 

t-H *0 

P *co 
H G 


CO CD 

I « 

o “ 

G 

2i 3 
^ 2 
2 

o' ft 
W) ^ 
G 


CO o> 
4-j 

X CO 

^ 2 

G ft 

bJO o 
C a 

X X 

S ^ 

G G 
X 

<D 

^ .-G 

O CO 
^ O 

. ft 
S 
o 
U 


5h I 

o *a 

(D 

w a 

2 *2 
4_> O 

> 
o 

E 

CD 
5-1 


G 
o 

o _ 

^ CD o 


W 5h 


G 
CD 

s 

a 

*3 -2 

<y o 

CD 5-1 

4-> 

^ G 
G O 


G 

4-> G 

3 G 

Si 

G G 
^ 2 

4- » > 

G G 

CD CD 
O 

5- t o 
2 ^ 


o GJ 


5h G 
O <l> 


9* G 12 

CO 4-> G 

c a 

<i> 2 2 

.h a •=! 

3 C 

CD U > 


X 'G 


> 

G 

4-> 

-2 

O 

CD 

3 

5h 

3 

4-> 

"s 

3 

4-> 

G 

G 

CD 

G 

ft _ 
a X 

M 

G 

CO 

CD 

5-1 

O 

u 

CD 

o 

•M 

*> 

5-( 

‘3 

cx 

CO 

M 

G 

0) 

CD 

O 

G 

5-t 

G 

G 


5-1 

o 

G 

CD 

bD 

O 

5h 


>> 

5h 

X 


X 

CD 

bJD 

5-( 

G 

a 


^ *S 
o a 

o ^ 

2 CO 

G <I> 


G 
O 

2 

p S 


CD 

-ft S 


g" o 
.2 S 
o g 

CD 

a o 


i- .3 


5 


G 


G 

.2 c 

X CD 
O X 


I I CD 

JG ft 

:g o x; 

G 5-4 

.2^ *> ^ 
3 c 3 

>> CO 

2 2 
ft J3 

G a 5 

jh 2 3 

<D G ^ 

<G g +-) 

O ft G 

^G 5 <i> 
— a 

CM ft P 
S m a 
« l3 «i 

|-g 

.2 <=> 43 

I— ( -M 
^ CM ^_) 

g ° s 

.G o 

M ^ 

G ^ ^ 


CD CM 
5h XJ 
CD 

G *ft 

CO 

-ft 

-M G 

& 5 
S & 

ft ^ 


3 E 
a J3 

2 

a § 

•Sc 


G 

CD 

s 

CD 

O 

in 

3 

CD 

U 

CO 

CO 

CD 


G 

O 

O 


> 

G 

G w 

5 ^ 


G 

CD 

CD 

5-1 

CD 

a 

o 

CN 

CD 

> 

G 

X 


CO 

5-c 

O 

M 

o 


O 

o 


m 

ai 
<U 
>> 

C 00 
<U ., 


(0 

N 

X 

CD 

M 

o 

(0 

(0 

O 

0) 

o 

c 

05 

E 


CD 

a. 

CM 

CM 


i 1) 

E -ft 

O 4-> 

X 

CD 

G ^ 
G ^ 

'G 

a. G 


CO • X 

G *G 5 

^ CO M> 
^ CD p 


sl 


CO 

CD 

CD ^ 
CO G 


G E 
ft ‘G ^ 

G CO ^ 

.S ^ X 


« C ft 

G 

X S '2 

w) S ft 

,G p G 

O) <M 
^ %-t 

> CD a- 

a, a£. 

Is ^ 

X 


G 

CD 


ft 2 


.G o 
G3 ft 

O w 

ft O 

CO X 
X ^ 

P ft 

O 

^ 
-ft o 


ft u. 

.a ^ 

•M ^ 
d) CD 

;-4 

O C 

CD oj) 

-ft *G 

S3 

"O 

° a> 
rr^ -ft 


^ 2 <u 

3 •“ 
o <U OT 

ft 'G 

CD > O 
3 CD 

ft X 


•5 

CO 5-4 
CD G 


o 2 
^ ft 
ft .S? 

u-i 

CO 

•S.s 

5h 

CD 3 

ft G 

u O 

a X 

CO 

Q. 

CO 

X G 
G 

ft 5-T 

iS 
« o 

a 


o 

X 

a 

G 

5-4 

bJO 

X 

G 

G 

o 

G O, 

5 ® 

CD CD 
bJO > 

ft 

G *3 
3 CD 

«M O 
0) 


X 


CD 


X 

^ (D 

w 3 


wj ;r: 
^ 2 
ft 2 
a ft 

^ 2 
O ft 

X Q_ 

2 >» 

-ft .G 

£— ' CO 


3 

CD 3 

G 

X 

X 

3 

G 

O 

«M 

o S 

O 

3 


*M 

CO 

M 

.2 *G 

G 

5-1 


G 

.2? 

2 

ft W 

X G 

« s 


ft G CO 

u c/5 

O G 


u 

O 


ft CD cc5 O 

m:S a a 


The estimate of delivered specific impulse is based on a theoretical impulse reduced 
by efficiency and heat losses. The theoretical specific impulse P^p is defined in terms 



of the fundamental physical properties of the expanding gases as 
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The prediction of a delivered specific impulse in a particular motor configuration is 
more difficult and less reliable than calculation of Two methods for predicting 
delivered specific impulse are described in references 17 and 18. Reference 7 presents 
a thorough and detailed discussion of the techniques involved in predicting solid rocket 
motor performance. 
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Figure 4. — Effect of residence time on completeness of metal combustion (ref. 19). 




Metal-particle ignition, combustion, and equilibration of combustion products must occur 
within the motor residence time to avoid chemical kinetic losses. When motor residence 
time is too short for adequate combustion, both kinetic lag and the failure of metals 




Figure 5. — Effect of residence time on efficiency in an Al-PBAN propellant (ref. 20). 




2.2. 1.1.2 Chamber Pressure 
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Figure 6. — ^Variation of aluminum agglomerate size with pressure (ref. 23). 


size 400/i at 400 psi was reduced to 180m at 1000 psi. This dimensional change reduces 
burning time by two-thirds. Combustion efficiency is improved in all motors by an 
increase in combustion pressure. However, overall performance efficiency may decline 
because of increased weight of hardware required to hold the increase in chamber 
pressure. 






flame temperatures on the order of 2600° K. For this reason, a sounder approach 
to defining a minimum temperature for good metal combustion efficiency is the use 
of the parameter T*, the equilibrium flame temperature assuming no metal combustion 
(ref. 25). 
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2.2.1. 1.4 Oxidizing Balance 
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Figure 8. — Effect of 0/F ratio on performance efficiency (ref. 20). 
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iently be evaluated against a reference propellant by the equation (refs. 36 and 37) 



= effective I^spdy Ib-sec/lb 

^spdpef ~ delivered propellant specific impulse of reference propellant 
p = density of propellant, Ib/in.^ 

Pref “ density of reference propellant, Ib/in.^ 
n = fractional exponent calculated from stage design parameters 
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Figure 11. — ^Variation of density exponent with mass ratio in volume-limited and weight 

limited stages. 
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on log-log paper. In the region of 500 to 1500 psi, this usually yields a straight line 
whose slope is n. 
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Figure 12. — Influence of heat of explosion on burning rate in nonmetallized double-base 

propellants (ref. 8), 
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Figure 13. — Effect of several iron catalysts on burning rates of PBAN propellants (ref. 52). 



The available catalyst surface area and the degree of catalyst oxidizer contact are 
important to burning-rate catalysis. Figure 14 (ref. 52) illustrates the changes in the 
burning rate of a PBAN propellant catalyzed by rhombohedral Fe20s, spherical Fe203, 
and FesOi catalysts. For each catalyst, an increase in the surface area results in 
significant changes in burning rate at a fixed concentration. 
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The burning rate of double-base propellants, CMDB propellants, and energetic-binder 
composite propellants may be reduced by lowering the heat of explosion of the binder 
through the dilution of the oxygenated plasticizer with an inert plasticizer. 
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2.3. 1.2 Pressure Sensitivity of Burning Rate 

In most operational propellants, the values for the pressure exponent of burning rate 
(n) range from a low of 0.2 to a high of 0.8. The effect of n on the combustion 
pressure of a rocket motor may be inferred, from the empirical eQuation (ref. 53). 
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or may even be negative. If the motor is designed to operate at the pressure at which 
the characteristic mesa occurs, an increase in burning surface will result in an in- 
crease in mass discharge rate and combustion pressure. The increase in combustion 
pressure will carry the system into the forward slope of the mesa region, the result 
being a decrease in burning rate. This phenomenon has the effect of damping any 




further increases in pressure. However, the values of n on either side of the mesa 
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Although strand-burning measurements frequently are used successfully to define e 
n of a propellant, the danger in this method is well illustrated in figure 18 (ref. 52). 
Not only the burning rate but also the pressure exponent of burning rate of a pro- 
pellant in an internal-burning motor may be greater than or less than that measured 

in a strand. 



O 




irable. The burning-rate plot is fitted statistically to these data, 



Erosive burning is more likely to occur in propellants with flame temperatures below 
3000° K. When erosive burning occurs, the selection of a propellant with higher flame 
temperature frequently will reduce or eliminate the problem. Erosive burning is more 
pronounced in propellants with lower burning rates. Fluorocarbon composite propel- 
lants, however, are particularly sensitive to erosive burning (ref. 58). 
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Static spin tests have given misleading results because of the tendency of the alu- 
minum to collect on the burning surface of spinning motors, since it was not accel- 
erated along the axis as would be the case in free flight (refs. 61 and 64). The effect 
of such augmentation has been met by reduction of aluminum particle size, reduc- 
tion of burning rate, or reduction of aluminum content. 
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The hot exhaust of a high-performance rocket tends to attenuate any RF signal such 
as a guidance, tracking, or telemetry signal because of ionization in the flame at 
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76° F, and 160° F, where -65° F and 160° F are the lower and upper limits of 
expected temperature exposures. 



2.4. 1.1 Uniaxial Tensile Properties 



Figure 20. — JANAF tensile specimen. 
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Once a final formulation is selected, extensive propellant physical properties may be 
obtained for use in structural analysis of specific grain designs to calculate grain 
stress-strain conditions for thermal, pressurization, and acceleration loading condi- 



tions. Structural safety factors are determined by comparing propellant failure limits 
with predicted grain stress-strain requirements. Six propellant properties are used in 
the calculation of grain stress-strain values: 
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E(t) = time-dependent modulus, lb/in.2 
or(t) = time-dependent stress, lb/in.2 
e (t) = time-dependent strain, in. /in. 

An — characteristic stiffness, psi 
Tn — characteristic time, sec 



Shifting of the data for different test temperatures uses the principal of time- 
temperature equivalence; all relaxation times are affected the same amount by a tem- 
perature change. The time-temperature shift factor is refined as 
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The Poisson’s ratio definition is compatible with the numerical analysis procedures 
used in grain stress analysis and shows that Poisson’s ratio decreases with strain 
even for incompressible materials (ref. 81). 
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Triaxial tension 
Pressurized tension 
Cyclic strain 

Analogue motor tests: thermal — steel case 

pressurization — fiber glass case 



Failure properties are evaluated at the critical temperature and pressure conditions 
that a motor is expected to withstand. However, extensive multiaxial propellant char- 
acterization is expensive and, therefore, sometimes prohibitive. Generally, two of the 
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active free ends of the split chain may form new combinations. Cleavage, postcuring, 
and radical crosslinking all change the binder gel structure, increasing or decreasing 
the crosslink density (refs. 83 through 85). Antioxidants in the formulation often 
reduce oxidative attack and oxidative crosslinking. Only careful experimentation can 
identify the source of any troublesome propellant degradation. 
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The service life or useful shelf life of a propellant can best be determined by an 
actual storage-surveillance program under the service conditions of temperature and 
humidity. Since the propellant ingredients rarely degrade sufficiently on storage to 
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Ammonium perchlorate composite propellant usually can withstand a 1 or 2 week 
exposure to relative humidities of 50 to 60 percent. Short exposures of a motor to 



high relative humidities is not harmful if the wet air is purged with dry air and the 
motor resealed. However, if most composite propellants are exposed to relative humid- 
ities of 50 to 60 percent for more than 6 months, some degradation of the binder 
will occur. Another problem that may arise on storage is moisture migrating from 
the liner into the propellant. 


13 

1 

P 


u 

o 

d 

? 

o 

Xi 

‘p 

o 

o 

4-> 

B 

1 


o 


CO 

u 

p 


4-h 

-d 

p 


P 

p 

p 


p 

13 


CO 

o 


■52 I 

is 

\ ^ > <D 

CD dJ 

• CO IS 

I ^ 

x: '2 S 
I H § 3 

• f. 
SJ S o 

I o ^ a 

' "O S •<- 
“So® 

, « Si 
a ^ 

»-H CO 

* CO ^ 

^ jC 

. u <l> ^ 

> w u 

1 § E M 

> o 

5 O) 3 

> in o -g 

3 O O fi 

i CO ^ 


§ iS S3 ^ o 

CO P 

a o ^ ^ 

o a ^ ^ 

a ^ 

P 'O 5J) 3 ^ 

0 ‘OJ cd g 

u o ^ u cd 

§ “s -s i E 

1 « -o ^ 

ccj ^ CO ?5 

u, 2 -75 <D O 

E 2 » “ '-c 

O 55 £ ® S 


.S i 

3 3 

•o o 3 

^ K« O 

4) 3 .S 

- O M 
0^3 

-3 

< H 2 


« M .3 
3 O c 

3 ^ S3 

y x3 "S 
S o 

^ °Ei 

Ji t: : 

C cd c2 

o ft-g ! 

>? 4) 8 

2 S E 

P bi) 

.a 

^ to 2 
<J -o 

s ^ <1^ 

^ S 

O P 
CO a o 

p S u 

<D O CD 

o 


^ - 
^ CC5 


b 

p o> ^ 

^ o ^ 
a ^ p 
a a p 


1 ( I 

S s 

o ” 

3 4) 

■S 2? ^ 

e|I 

O o o 

*r; -M 

“ E 2 

CO » O 

^ ^ 

7? cd 
» 0> — ' 

P ^ 

B p o> 

Sap 

g § 

3 c- 
Xi O 2 

M to 

p CO <I> 

a W) 
w S P 

- s ^ 

►>. o o 
o, >. 

'b ^ a 

2 < p 

2 2 S. 

g <3 43 

r« -O 2 « 

.22 p p ^ 

B B <D 

p p 

p: CO o ^ 

P 2^ -t3 

5r. ^ S a 

<u Q ,3 

^ a "b 
.ti " g -s 
35 3 V 
ti "S w) ^ 

2 2 e V 

> |S S 

^ I E ” 

CD M 
-o 'd P p 
^ ^ *2 
^ S w 

w o Jh 0> 
P Jh CU 7? 
HH 4-> -•-> a 


c3 d; ’O 
c <1^ 

.p ^ t-l 
bJQ <D 

^ CO Pi 

2 p p 

S -p 

1 

2 *5 5 

cd -M »a 
> W) 

^ P -o 
^ ^ p 

Ip 5-1 O 
-4-J X 
tUD CO P 

P 

S Jm <D 
jm d; ^ 
p 

CO .P 


.2? a ^ 

Jh jQ P 

■S| i 

I P 2 
L d) 5-1 ^ 

I CO W) JiJ 

; 73 <D P 
P T5 ^ 

1 ^ B 

I 5^ CO ^ 

1 P P 

’ d 

i ^ ^ I 

> ^ p w) 

i P <D 

, B t B 

> CO 

» 'd *“• 

p ti ^ 
* o B 
) x> ^ <J 


propellant near the bond (refs. 93 and 94). The most common method of studying 
the time-temperature stability of the propellant-liner bond is the testing of samples 
of the propellant-liner combination. One approach has been to test a discontinuous 
JANAF tensile specimen, which is milled from a propellant-liner-propellant “sandwich” 
so that the neck of the specimen contains a section of propellant-liner-propellant. 
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butadiene binders appear to be successful in withstanding this heating. CTPB pro- 
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The impact hazards of propellant ingredients, uncured propellant mixes, and cured 
propellant mixes have been characterized in the industry by a wide variety of im- 
pact devices. The most common principle for such a device involves calibrated weight 
falling on a sample. No mechanical impact on a propellant is free of two secondary 
effects: the effect of adiabatic heating of porous propellant, and the effect stemming 



from unavoidable frictional heating during impact. Many propellants that are not 



lO 



^ 2 « 
O Jr Jh 

M 

w S 5 
.§ c 

5 « '-' 
+-> 0) . 

m ^ ^ 
“ " ?? 
® +J i-H 
W 

•o ^ X! 

<U M 

22 4) 3 
3 p 

. 'M J-I 
>i rC 
'm “ 

'O -D cr> 
>22 
-M -2 ■ 

§ 42 

2 -4-> <D 

s rt t. 

^ n-t 

XJ ^ 

^ in "R 

CO -So 

S 

*? .5 0) 
*S 12 

§ Ifl c 
c <u 
a ^ 
^ ^ Xi 

o O 

> 

>* 2 
bSi ^ 
u 

a> c> 
C o 

4S 

S U ^ 
cS 

^ 04 ^ 

o G 'xi 
-o .s ^ 

§ o *g 

£ 5 2 

l-i 3 ^ 

"S P3 *C 

« 2 
-4-> CX 


w ^ 

o a 
a c 

s I 

o w 
u 

4-> 

w 5 
^ ctf 

.2 *3 
a 
S o 

^ a 

o a; 
02 *5 

2 w 
X5 w 
02 O 
u 

^ 2 


»o o 
o> <u 

;H=3 

02 tiD 

.s 

02 


$H 

(D 

X3 


T3 

a 

cS 

02 

<P 

o 


O) 


02 


o • 


a 

o 

o 

*c 


s 

5 
3 

c: ^ 

<U T? 

a <1^ 
& 

o o 
XI xl 
cd 

X TJ 
CD C 
O c« 


<u 


0> O) 
O O) 

> to 
CD 

02 ^ 
CP rt:; 

<=s tri 


T3 
<P 

^2 w) 

cd c 

>-^ 'O 

tU) 5 

.s ^ 

u cd 

a 

" c 

4) « 
3 O 
o 

C >i 

cuo 

u 

b S 

o ^ 

'S ^ 

.S .2 

-g 

CD cd 

tS-g 

4> 

•S 2 

^ W) 

> .2 

S a 
•2 .§ 
Cd 

CO 

5 CT 

o *a 



A t 
a o 

d) 

2 « 2 

S 

3 'g a 

5 cd o 

§ a 
02 


d 
o 
<j cd 
cd 

a 
d a 

cd 


>» c a 
Cd .ti 
o a j> 
^ 0) !> 
a 

C3 2 O 

cd a 


d 

a 

T3 

(P 


c § 
< ^ 
. >> 

3 o 
C3 i-H TS 
d o) 

b, <4-: .2 
W) ^ 

s *s 

d w ,2 


c « 

cd :3 

o 


5 d 

^ Cd 

6 a 
o ^ 

-o d 


CO 

rvi 

CO 


CO 

CL 

GO 

CO 

oJ 


^ 02 
cd 

02 

C 

2 o 

a ^ 

*0 W) 

§2 

f'i 

<3> .2 

X} 4-» 

C cc* 
a -M 

H-) 02 


o> 

a 

>> 

cd 

s 

<p 

73 

> 

02 q5 

a 

- 13 
S o 


1 *« 

W) 

>» S 

It 

a Cd 

02 O 


a w 

0 

’a cd 
p u 
> '*-* 
0 ) CO 

a 

W) 

>» .S 

1 c 

d 

•w o 
cd u 

a t>ii 

-4-> 

u 

i2 cd 

2 ^ 
a 

w £ 
o O 


> 

o 

s 


02" 

<D <P 

02 cd 
<P N 

t 3 J[| > Cd 

c 2 ■= 
•o 0) 

d 02 bi) 
d <p cd 

O CP 

rK > O 
U 4> > 

. '® M 
S m.£? 
o e ^ 

« ;s i- 

e o 
o 

^ ■ c 

> “ -2 

3 § 3 


(P 


c 

cd 

s 

02 d 

<p ^ 

o 

^ •Td' 

^ o 


.ti C O > 

frt 


'H 

cd cd 

tn 


Cd 


o d 
a (p 

CO 
(p 


bJD ^ 

g C » 


cd 

o 

*d 

cd 

a 

u 

<p 


o 

^ - 


TP d 

2 "S 4) 

S M 


O 
d 

<=> 2 

a G 

<p cd 

a 


d 

cd 


o 3 
o g. 
^ 2 
o ^ 

— . 
X a 

CP 


<p . 
J-I CO 

cd <p 
bD 
02 ^ 
cd 

B ^ 

<P o 

a 

S B 

Ph CO 


4> 
*-> 

c 2 

° W 4> 
^ m > 
2 

Cd a 
^ ^ 
d 

<n CO 

C ^ 

2 2'^ 

cn 


<p a 
> 

d> a' 

& <p 
o 02 

a d 


W (P 

*a 
^ S 
73 w 

d 

CO -M 

d d 
cd 


02 10 
^ csj 

d 

o o 


^ ^ g 


cd 


d <1^ 
^ & 
a ^ 

2 cd 

a 

a 

cd 2f 
d 

^ 2 

a 

bJ) 

d 

2 S 
^ a 

>> ^ 
U 0 

cd <P 

CO 0 > 
CO cj 
CP 

o 

<p 

g 

<P o 
W) ^ 

CO d 

.2 ^ 

a 

cd bJD 

« .s 
S 2 ? 
d « 
^ g 

(P CO 

° >> 

3 — 
3 ^ 

O s 
S -2 
3 S 

u 

(P 5 

a 02 
H a 


d 

o 

CP 

*4-> 

}h 

cd 

a 


o 

S 

O (P 


o o 0 


a .3 

i.a 

02 

u 

a o 

3 •*- 
^ >. 

a 3 

S 3 

g .y 

4-> 

a 3 

2 w 
d 

a 


02 

CP O 
+-» O 

o 

73 fo 

o 

'ft s 

^ .§ 


-M CO 

u o> 
O bD 

a cd 
o< ^ 
d o 
02 > 

S W) 
a d 
a a 

cd d 
02 o 
a 

^ CO 
cd CP 


44 h 

d 

d 

«•! 
d .a 


0 < 1 ^ 

a 3 

d a 

CP c: 

<)-> a 

0) « 4 -h 

1 ° 

^ a 

. <u 

.a « 

V <p 
10 

2 £ 
o cd 

a CO 

a CO 
a cd 


CP 


cd X 


^ .a 


bJtt 

o .a 

^-s 

3 ^ 



2.6.5 Autoignition Hazard 

All propellants have a characteristic temperature at which they will ignite instanta- 
neously. At lower temperatures, however, the propellant may autoignite after a 
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standard double-base propellants have exhaust products that are generally considered 
nontoxic. However, AP propellants produce large quantities of hydrogen chloride gas, 



concentration, but these generally 
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by a stress analysis of the grain design. Generally, elongation is the parameter of most 
concern unless the tensile strength is unduly low. 

^All burning rates are at 1000 psi and 70*" F, 



If true elongations above 25 percent® in the 70“ F region are needed, then CMDB, 
polyether polyurethane, CTPB, PBAN, or HTPB polyurethane propellants can be selected. 
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once the grain design and motor time-thrust profile have been established. Specific 
practices for achieving high I,„ efficiency are set forth below. 



The propellant shall demonstrate acceptable combustion efficiency at the design 
operating pressure. 
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Agglomerates expelled from the propellant surface during combustion shall be 
as small as possible. 
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in achieving the desired mass discharge rate. 



The burning rate of a double-base propellant should not be reduced by decreasing the 
heat of explosion unless the accompanying decline in specific impulse can be tolerated. 
The use of flame-retardant coatings on the oxidizer is not recommended because of the 
loss of energy in the system. Generally the only technique for burning-rate reduction 
useful in all situations is the use of larger oxidizer particle size. 
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Batch-to-batch reproducibility should be well documented. Data showing the effect of 
minor variations in the composition on the burning rate should be used to determine 
permissible errors in formulation. Formulation errors should not lead to burning-rate 
variations greater than ±2 percent of the specification (refs. 7 and 55). 
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The effects on the pressure exponent of minor errors in formulation should be studied 
to define the acceptable variations in composition in the normal production of the 
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combination are recommended for minimum statistical validity. The standard deviation 
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is then measured. From such measurements, erosive burning data for the particular 
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It therefore is recommended that all nonmetallized propellants be modified to include 
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Initially, if radar attenuation is a problem, the 0/F ratio of the propellant should be 
increased so that the fuel content of the exhaust is decreased (ref. 72), thus decreasing 
afterburning. The O/F ratio also may be increased by reducing the metal content of 
the propellant, but with a resulting reduction of the specific impulse of the propellant. 
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generally recommended except as a guide to gross storage properties. The method of 
Marti et al. (ref. 90) is recommended as a more reliable technique since deviations 
that are artifacts of higher temperatures can be detected by a change in the slope of 
the aging curve. 
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The propellant plasticizer when equilibrated between propellant and liner shall 
not adversely affect the propellant-liner bond. 



The liner-propellant bond and the insulation-propellant bond should be studied for 
plasticizer migration. Gas, liquid, or gas-liquid chromatography is recommended as 



Special thermal stability specifications should be developed for ingredients to be used 
in propellants that will be exposed to very high temperatures. For instance, these special 
specifications should describe acceptable weight loss at the desired temperature and 
acceptable differential scanning calorimeter profiles. It is recommended that each lot 
of specific ingredients be qualified separately for the sterilization temperature. 





reason, it is mandatory that very-high-molecular-weight chemicals or monofunctional 
chemicals that will become part of the gel be used as plasticizers and that no volatile 



3.6 Hazard Characterization 
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The uncured propellant shall have a friction sensitivity low enough that shear 
stresses in the mixer will not ignite the propellant, and the cured propellant 
shall have a friction sensitivity low enough that normal handling operations 
are not likely to ignite the propellant 
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Symbol Definition Remarks 



pressure exponent of burning rate eqs. (18), (19), (24), and 

(25) 


ratio of equivalent weights of oxidizing molecules to 
equivalent weight of fuel molecules for the reaction 
to yield H 2 + CO + metal oxide 
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Symbol Identification Remarks 



constant, characteristic of a viscoelastic nonlinear eqs. (28) and (30) 
material, sec 
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Subscripts 



residence 


temperature 






MATERIAL DESIGNATIONS, CHEMICAL SYMBOLS, AND ABBREVIATIONS 



carboxy-terminated polybutadiene 


CTPIB carboxy-terminated polyisobutylene 
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SP-8037 Assessment and Control of Spacecraft Magnetic Fields, Sep- 

tember 1970 


SP-8038 Meteoroid Environment Model — 1970 (Interplanetary and Plane- 

tary), October 1970 
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SP-8029 Aerodynamic and Rocket-Exhaust Heating During Launch and 

Ascent, May 1969 


SP-8032 Buckling of Thin-Walled Doubly Curved Shells, August 1969 
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SP-80^6 Flight Separation Mechanisms, October 1970 



SP-8027 Spacecraft Radiation Torques, October 1969 
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SP-8071 Passive Gravity-Gradient Libration Dampers, February 1971 



: 2 ; 

o 

t 

c/3 

a. 

O 

a. 

< 

a 


u 


<N 

00 



IC 


lO 


CO 

lO 

<N 


O 

o 

o 

o 

O 

o 

op 

op 

op 

op 

op 

00 



a. 

Oi 



c/3 

c/3 


c/3 

C/3 

c/3 



00 

o 



NASA- Langley, 1971 






POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 



